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Synthesis and X-Ray Structure of a Novel Concave Tetradentate Sulphur Ligand 
System: Electrochemical Characterisation of a Semi-encapsulated [4Fe-4S]2+ Cluster 
Complex
Constantinus F. Martens,* Henk L. Blonk,bThijs Bongers, 5 Johannes G. M. van der Linden,5Gezina 
Beurskens,cPaul T. Beurskens,c Jan M. M. Smitscand Roeland J. M. Nolte* 3
a Department o f Organic Chemistry, b Department o f Inorganic Chemistry and c Department o f Crystallography, 
University o f  Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands
An Fe4S4 -cluster, partly encapsulated by a concave, tetradentate ligand, mimics certain electrochemical properties of 
metalloproteins.
C u rren t  efforts in the design of i ro n -su lp h u r  p ro te in  a n a ­
logues focus on the use of cavitands and o th e r  macrocyclic 
ligand systems to coo rd ina te  the F e4S4-core. R ecen t exam ples 
include m odified  cv c lo dex tr ines ,1 m acrocycles2 and cavitands 
based  on hexa-substitu ted  b en zen e s .3 A variety  of goals are 
being pe rsued , inter cilia the im provem en t of the aqueous  
solubility of the fo rm ed  cluster, the creation  of a specific 
iron-subsite , and the mimicking of the hvdrophobic ity  in the 
p ro te in  pocket.
As part of o u r  p ro g ram m e aim ed at the d ev e lo p m en t of 
m eta llohos ts4 from the building block diphenvlglvcoluril we 
describe a novel concave, te t ra d e n ta te  thiol ligand system 1, 
which form s a 1 : 1 com plex  with an Fe4S4-cluster 2. In the 
cluster com plex  the Fe4S4-core is partly shielded from its 
en v iro n m en t giving rise to e lec trode  p h e n o m e n a  previously 
en co u n te red  with proteins.
T he  p ro tec ted  te tra  thiol ligand l a  was synthesised using 
previously described  p ro c e d u re s .4-5 Its s truc tu re  (see stereo- 
view; Fig. I) was d e te rm in ed  by X-ray c ry s ta l log rap hy .t  H ost 
l a  has a cavity fo rm ed  by two fused 2-im idazolidone rings, 
which are flanked by two o-xylylene units. Its overall shape is 
concave and its convex side is shielded by two phenyl 
substituen ts .
Q u an ti ta t iv e  dep ro tec tion  of l a  into l b  was easily achieved 
using sodium  m eth an o la te .  E xchange reactions of (B u 4N )2- 
[Fe4S4Cl4]7 with a suspension of l b  in d im ethy lfo rm am ide  
(D M F ) w ere conduc ted  u n d er  a n itrogen a tm o sp h e re  in very 
dilute solutions to avoid the fo rm ation  of polym eric  p roducts , 
eqn . (1).
[Fe4S4Cl4p +  L (N a)4 
lb
[Fe4S4( L ) p -  +  4 NaCl (1)
D uring  the course of the reaction  a co lour change was 
observed  from purp le-b lack  to brow n-b lack . T he  progress of 
the exchange reaction  was followed with cyclic vo ltam m etry  
(CV ) and differential pulse po la rography  (D P P )  by m o n i to r ­
ing the d isappearance  of the 2 - / 3 — w'ave of the F e4S4Cl42 
reduction  at —1.34 V (vs. F c+ ’°) and  the s im ultaneous 
ap p ea ran ce  of the 2 - / 3 -  reduction  wave of the newly form ed 
p roduct at —1.70 V in sam ples, ob ta ined  from the reaction
t  Crystal data for la : C5i,H6(lN4014S4, M r = 1147.4, T = 293 K, 
triclinic, PI. a = 14.030(1), /» = 14.828(1), c = 15.588(1) A. a = 
102.77(1), |3 =  111.19(1), y =  97.18 (1)°. V = 2873.2(5) A3, Z  = 2, Dc 
= 1.326 g cm-3 , Mo-Kcv radiation, \i = 2.22 cm-1. The crystal (0.50 x 
0.16 x 0.21 mm) was obtained by recrystallisation from acetone. Unit 
cell dimensions were determined from 25 reflections with 10° <  0 <  
12°. Intensity data were collected for 20 154 reflections (complete 
sphere up to 0 = 25°). The structure was determined using vector 
search methods (ORIENT) with 1, R = O6" as a model, automatically 
followed by direct methods (DIRDIF) with the orientated fragment 
given as input, which gave the rest of the non-hvdrogen atoms. 
Least-square refinement (SHELX) converged to R = 0.078 and R w = 
0.108 for 4619 observed reflections and 705 variables. Standard 
experimental and computational details, and references to ORIENT, 
DIRDIF and SHELX are given in ref. 6(b). Atomic coordinates, 
bond lengths and angles, and thermal parameters have been deposited 
at the Cambridge Crvstallographic Data Centre. See Notice to 
Authors, Issue No. 1.
m ixture. T he com plex 2 was isolated through precipitation 
with diethyl e th e r  or evapora tion  of the solvent. T he samples 
thus ob ta ined  were characterised  fu r ther  using various 
physical m ethods.
First of all C V  was used to identify the na tu re  of our 
p roduct.  R em arkab ly ,  the cu rren t response  of the new wave 
was very small, a p h en o m en o n  noted  earlier for the e lec tro ­
chemical reduction  of a varietv of redox-active metallo-
• /
proteins in w a te r .8 W ith the addition  of a m o du la to r  (B a2+ or 
Na + ) a considerab le  increase in the curren t response was 
no ted  in the CV  and D PP  of 2. This was observed  for all four 
e lec trodes we used, viz. A u , Pt, pyrolytic graphite  edge 
(P G E )  and pyrolytic graphite  basal (P G B ),  indicating that not 
only the e lec trode  m ateria l,  but also the m o du la to r  plays an 
im portan t role in the 2 - / 3 — reduction  process. We believe 
tha t association and dissociation processes of cluster 2 with the 
B a 2+ ions occurring  in the interfacial e lec trode layer (p ro b ­
ably th rough coord ina tion  at the e th e r  and carbonyl oxygen 
a tom s presen t in ou r  ligand system) enhance  the e lectron 
transfer  rate considerably . This can be concluded from the 70 
m V  redox poten tia l shift from —1.70 to —1.63 V that is 
observed  w hen B a2+ is added , while no potentia l shift is no ted  
for the ferrocene  oxidation  o r  for the reduction  of o th e r  simple 
th iolate  cluster com pounds  under  the sam e conditions. As 
with the natural systems, a m axim um  response was observed  
when the B a2+ concen tra tion  is approxim ate ly  25 mmol d m -3 
(Table  1). Similarly, like with the m eta llop ro te ins ,8 m o n o ­
valent cations did not im prove the curren t response to the 
sam e ex ten t as did divalent cations. W ith the m odu la to r  
p resen t a nearly chemically reversible wave was ob ta ined  with 
/b//f ~  0.80 and a ca tho d ic -ano d ic  peak  separa tion  close to the
L: R = (OCH2CH2)2S~
1a; R = (0CH2CH2)2SC(0)Me 
1b; R = (OCH2CH2)2SNa
O
?  \  )  )  \
O Fe<^   ^ O 
O
0 - <  ) r O
2-
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Fig. 1 Stereoview of la
Table 1 Electrochemical properties of cluster compound 2“
[Ba(C104)2]/
mmol dm - 3  Eu2/V b fpc1 *paC fpa'*pc
0 -1 .70 1.15 _ _ _ _
5 -1.67 2.7 2.3 0.85
10 -1 .66 4.2 3.2 0.76
•25 -1 .64 5.2 4.1 0.79
50 -1 .63 4.7 2.9 0.62
« 2 - / 3 - Reduction at ca. 25°C in DMF using a PGE-working
electrode, a platinum auxiliary electrode. a Ag/AgCl reference
electrode and 0.1 mol dm-3 tetrabutylammonium hexafluorophos- 
phate (TB AH) as the supporting electrolyte. b Potentials vs. Fc^/Fc in 
DMF. c Arbitrary units.
theoretica l value for a reversible one-e lec tron  process (ca . 65 
m V  is observed).  This might indicate tha t the com plex is 
m onom eric . T he  reduction  at the p la tinum  w orking e lec trode  
is diffusion contro lled  as can be concluded  from the linear 
response of /'rc on v 1/2 (see Fig. 2). T he  redox po ten tia l of the 
2 - / 3 — reduction  process of the newly fo rm ed  cluster 2 is close 
to that of the know n [Fe4S4(S E t)4]2_ cluster supporting  the 
form ation  of the fo rm er  c o m p o u n d .9 A lso the U V -V IS  
spectra  of bo th  clusters are very similar. i  F u r th e r  inform ation  
that 2 had been  fo rm ed , com es from IR  spectroscopy , which 
showed the d isappearance  of the intense F e -C l  v ibration  at
+ ‘H N M R la: (400 MHz, CDC13) 6 2.33 [s, 12H, S C (0 )C H J, 3.12 (t, 
8H, OCH2CH2S), 3.70 (m, 8H, O C //X H 2S ), 3.80 (m, 8H, 
OCH.CHUO  and NC/YH), 3.89 (m. 4H, O CH .CH tfO ), 3.99 (m. 4H, 
OCtfHCH.O), 4.08 (m, 4H, OCH/YCH.O), 5.53 (d from AB. 4H, 
NCHƒƒ), 6.67 (s, 4H, XyH), 7.09 (m, 10H, PhH). 13C NMR la: 
(CDC10 6 29.02 (OCH-.CH-.S), 30.52 (CH3C(0)S), 37.06 (NCH.Ar), 
69.82 (OCH-.CH-.O and OCH.CHoS), 70.04 (OCH.CH.CH.O), 
85.18 (NC(N)Ar), 114.57 (X yQ , 128.17 (ArC), 128.32 (ArC), 128.42 
(ArC), 134.08 (ArC), 150.85 (ArC), 157.75 (NC(O)N], 195.50 
[SC(0)CH3]. UV-VIS (DMF) ^max/nm ( e )  for Fe4S4(S-Et)4- 
(Bun4N)->: 297 (23 300), 418 (17 200); l max/nm (e) found for
(2)-Bun4N)->: 295 (25 500), 412 (13 100). »H NMR 2 ([2H,s]DMSO
6 0.94 (m, 24H, N CH .C H .C H .C //,) ,  1.32 (m, 16H, 
N C H .C H .C /^C H ,),  1.58 (m, 16H, N C H .C //X H .C H O , 3.17 (m, 
16H, N C //2C H ,C H ,C H 0, 3.68-4.08 (m, 28H, OCH^CH^OCH^ and
NC//H), 5.50 (s, 4H, NC//H), 6.87 (s, 4H, XyH). 7.10 (s, 10H, PhH), 
13.25 (br, 6H, OCH,C//->S), 14.25 (br, 2H, ’O CH .C/^S).
Fig. 2 Cyclic voltammograms of cluster compound 2 recorded as a 
function of the scan rate v ; 400 mV s-1 (1), 200 mV s-1 (2), 100 mV s_1
(3), 50 mV s-1 (4), 25 mV s-1 (5). Measurements were conducted 
at ca. 25°C in DMF using a platinum disk working electrode, a 
platinum auxiliary electrode and Ag/AgCl reference electrode (0.32 
mmol dm -3 of cluster compound 2, 0.1 mol dm -3 tetrabutylam­
monium hexafluorophospate (TBAH) as the supporting electrolyte, 
20 mmol dm -3 Ba(C104)2 as modulator). Inset: plot of the peak 
current for the reduction process at the Pt-electrode vs. the 
square-root of the scan rate, v1/2, verifying the predominance of linear 
diffusion for cluster compound 2.
352 c m -1 (solid C sl ,  com parison  of 2 with [Fe4S4Cl4]2 - ). 
1H N M R  revealed  the presence  of two sets of the C H 2S-protons 
in com plex 2, viz. at b 13.25 (6H ) and 14.25 (2H ),  respec­
tively. This suggests tha t one  of the co rners  of the F e4S4-cube 
points tow ards the cavity as indicated  schem atically  in draw ing
-2.06
E (V) vs. Fc+/Fc
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2. C o re y -P a u l in g -K o l tu n  m odels  show that in this way the 
cluster and ligand are  well m atched . A  tem p era tu re -d e p en -  
dence shift ex p er im en t ([2H 6]D M S O , te m p era tu re  range 
25-50  °C) show ed tha t each of the two sets of C H 2S-pro tons in
2 shift 0.75 ppm  dow nfield  w hen the te m p e ra tu re  is increased 
by 25 °C. This shift value is in good ag reem en t with values 
re p o r te d  for o th e r  i ro n -su lp h u r  c lu s te rs .10 It suggests tha t the 
F e4S4-core in 2 is intact. T he  sam e conclusion was draw n from 
a core ex trusion  experim en t:  addition  of a slight excess of 
PhSH  to 2 g en e ra ted  the cluster [Fe4S4(S -P h )4]2 - , which was 
de tec ted  by N M R  [m easured  ([2H 6]D M S O ),  l i t .10 
(C D ,C N )  6 5.50, 5.28 (p-PhH) \  5.80, 5.88 (o -P hH ); 8.20, 8.18 
(m -P hH )] .
In sum m ary , we may conclude tha t we have synthesised a 
new sem i-encapsu la ted  i ro n -su lp h u r  cluster, which displays 
e lec trochem ical b eh av iou r  previoulsy only en co u n te red  in 
m eta llop ro te ins .  C urren tly ,  o u r  research  is being focused on 
the synthesis of diphenylglycoluril ligand systems capable  of 
fully encapsu la ting  an F e 4S4-core.
W e th an k  Professor J. J. S teggerda for s tim ulating  discus­
sions.
R eceived , 19th A p r il  1991; C om . H01848E
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The Use of a High Surface Area Silicon Oxynitride as a Solid, Basic Catalyst
Peter W. Lednor* and René de Ruiter
Kon i n klijke/Shel 1-La borato rium, Amsterdam (Shell Research BV), PO Box 3003, 1003 AA Amsterdam,
The Netherlands
High surface area silicon oxynitride is shown to be a basic catalyst through its ability to catalyse Knoevenagel 
condensations when suspended in toluene at 50 °C; the activity is due to the presence of surface nitrogen.
Silicon oxynitride is shown to be capable  of acting as a solid, 
basic catalyst. This is of in terest because , (ƒ) it ex tends the 
range of inorganic solids tha t find application as h e te ro ­
geneous  catalysts, such m ateria ls  being mainly rep resen ted  by 
oxides, and  (ƒ/) catalysis by solid bases, while less developed  
than  catalysis by solid acids, is o f grow ing im p o r ta n c e .1"3
T he  application  of non-oxide ceram ics in catalysis is 
facilitated by the ir  increasing availability in high surface area  
fo rm s,4 and by surfaces that are kinetically stable to oxidation  
and hydrolysis. W e have previously described  the synthesis of 
a high surface area  silicon oxyn itr ide .5 T he  presence  and 
stability of surface n itrogen6 suggested that the surface might 
show basic p roperties ;  som e evidence for the presence of basic 
sites on the surface of silicon nitride was provided  by IR  
spectroscopy in conjunction  with the use of p robe  m olecu les .7 
T o  test the possibility of basic catalysis we have investigated 
the K noevenagel condensa tion  over  silicon oxynitride. This 
reac tion , illustrated in eqn . (1), is usually catalysed by am ines 
in which the n itrogen functions as a basic site.
P h C H O  +  C H ,( C N ) C O ,E t  -+
P h C H = C ( C N ) C 0 2Et +  H 20  (1)
Initial experim en ts  were carried  ou t in to luene  (25 ml) at 
50 °C with 0.5 g o f  silicon oxynitride [23 % w t. surface 
n itrogen , d e te rm in ed  by X-ray p ho toe lec tron  spectroscopy 
(X PS); 155 m 2 g -1 ] and 10 m m ol of each of the reactan ts  
dep ic ted  in eqn . (1). T he  conversion was m easu red  by G L C  
and confirm ed  by lH  N M R  m easu rem en ts .  A fte r  4 h the 
conversion  to the p roduct was 89% ; 70 h 97% . A dd ition  of 
m ore  reac tan ts  (10 m m ol) show ed that the catalyst m ain ta ined  
its activity, giving 97 and 90% conversions after  second and 
third experim en ts  of 20 h each. A f te r  these th ree  experim ents
the total n u m b er  of p roduct molecules fo rm ed per unit of 
surface area  was 230 n m ~ 2, clearly indicating a catalytic 
process. T he  surface area  had decreased  only very slightly, to
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Fig. 1 The activity of silicon oxynitride catalysts in a Knoevenagel 
condensation as a function of surface nitrogen concentration
